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Background: Sobemoviruses are a group of RNA plant
viruses that have a narrow host range. They are charac-
terized in vitro by their stability, high thermal inactivation
point and longevity. The three-dimensional structure of
only one virus belonging to this group, southern bean
mosaic virus (SBMV), is known. Structural studies on
sesbania mosaic virus (SMV), which is closely related to
SBMV, will provide details of the molecular interactions
that are likely to be important in the stability and
assembly of sobemoviruses.
Results: We have determined the three-dimensional
structure of SMV at 3 A resolution. The polypeptide fold
and quaternary organization are very similar to those of
SBMV. The capsid consists of sixty icosahedral asymmet-
ric units, each comprising three copies of a chemically
identical coat protein subunit, which are designated as A,
B and C and are in structurally different environments.
Four cation-binding sites have been located in the
icosahedral asymmetric unit. Of these, the site at the
quasi-threefold axis is not found in SBMV. Structural dif-
ferences are observed in loops and regions close to this
cation-binding site. Preliminary studies on ethylene
diamine tetra acetic acid (EDTA) treated crystals suggest
asymmetry in removal of the quasi-equivalent cations at
the AB, BC, and AC subunit interfaces.
Conclusions: Despite the overall similarity between
SMV and SBMV in the nature of the polypeptide fold,
these viruses show a number of differences in inter-
molecular interactions. The polar interactions at the quasi-
threefold axis are substantially less in SMV and positively
charged residues on the RNA-facing side of the protein
and in the N-terminal arm are not particularly well con-
served. This suggests that protein-RNA interactions are
likely to be different between the two viruses.
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Introduction
Single crystal X-ray diffraction studies on the three-
dimensional (3D) structure of spherical viruses began
with the classic studies on tomato bushy stunt virus
(TBSV) [I] and southern bean mosaic virus-cowpea
strain (SBMV-cp) [2]. The 3D structures of several plant
and animal viruses are now known [3]. These studies
have provided a wealth of information on aspects of
viral architecture, infectivity, stability and, in some
instances, details about the structure of the viral nucleic
acid. The protein shells of many of these viruses com-
prise 180 copies of a 20-40 kDa protein subunit, which
encapsidate a nucleic acid of 4000-6000 bases. Most of
the RNA plant viruses have a capsid arrangement with
T=-3 symmetry [4] in which the icosahedral asymmetric
unit consists of three chemically identical copies of the
coat protein, which are designated as A, B and C as they
are in structurally distinct environments. Five A-type
subunits form pentamers, at the twelve icosahedral five-
fold axes (a total of 60 copies) and the B- and C-type
subunits form hexamers at the 20 icosahedral threefold
axes (120 copies). The N-termini of the subunits are
disordered in most of these viruses and are thought to
interact with the nucleic acid. In SBMV, TBSV and
turnip crinkle virus (TCV) [5] about 25 residues of the
N-terminal arm are ordered only in the C subunits. The
ordered parts of the three C subunits, related by
icosahedral threefold symmetry, form the so called 3
annulus, which is thought to be important for assembly
of T=3 particles [6]. In the recently determined struc-
ture of cowpea chlorotic mottle virus (CCMV), ordered
arms from the B and C subunits interact at the icosa-
hedral threefold axes to form a 13 hexamer [7]. The cor-
responding residues are disordered in the A subunits. In
the structure of carnation mottle virus (CMtV) [8],
which is similar to TBSV, the arm is disordered in all
three subunits, but despite the lack of a [3 annulus it
forms a T=3 shell. It is therefore difficult to derive con-
clusive information about the precise mode of assembly
and disassembly of viruses, from these studies. Compar-
ative studies on related viruses can, however, reveal
details of conserved molecular interactions and hence
point out interactions that might be important for viral
assembly and disassembly. Hence, the determination of
the 3D structure of sesbania mosaic virus (SMV) was
undertaken. Here we report the structure of SMV at
3 A resolution and compare it with that of SBMV-cp.
SMV is a plant virus that was isolated from Sesbania gran-
dflora plants in farmers' fields near Tirupati, India [9]. It
is a single stranded RNA virus that is made up of 180
copies of a 31 k Da coat protein, and it is serologically
related to SBMV-cp. The 3D structure of SMV is very
similar to that of SBMV-cp but, unlike SBMV-cp, SMV
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contains cations at the quasi-threefold axes. As in many
plant viruses, SMV exhibits swelling of the capsid on
treatment with ethylene diamine tetra acetic acid
(EDTA) at alkaline pH [10]. The stability of the capsid in
these plant viruses that contain cations results partly from
the metal ion mediated intersubunit interactions. Prelim-
inary studies presented here, on crystals grown in the
presence of EDTA, suggest that different degrees of
removal of cations at quasi-equivalent sites can occur.
Results and discussion
The electron-density map
The quality of the electron-density map is illustrated in
Figure 1. The map could be easily interpreted in terms of
the amino-acid sequence of the SMV coat protein. The
polypeptide is ordered from residue 65 in the A and B
subunits and from residue 39 in the C subunit. The
structure of the C subunit of SMV is depicted in Figure
2. The 172-175 loop region, between F and FIG, is not
well defined in the map. Side chains could be built with
confidence for 94% of the residues. There is no signifi-
cant side-chain density for Gln105 and Asp218, in all
three subunits. All the basic residues except arginines 64
and 175, which are in the loop regions facing the RNA,
have well defined density for their side chains. The
amino-acid substitutions in SMV, relative to SBMV-cp,
were evident in the map. There is some density which is
unaccounted for along the fivefold axis, at a distance of
-140 A from the viral centre, and this probably represents
a bound water.
Fig. 1. A (2Fo-F c) electron-density map at 3 A resolution for the
helical segment (residues 99-108) between 3C and PD of the B
subunit of SMV. Ca refers to the Ca atom of the residue, B refers
to the subunit and W is the single letter amino acid code.
Fig. 2. Ribbon diagram of the polypeptide fold of the C subunit of
SMV (residues 39-260). The nomenclature for helices and
strands follows the notation used in SBMV [11].
The electron-density map contains two sets of sites that
have a high density and that are clearly not part of the
polypeptide. It is assumed that these represent calcium
ions bound to the polypeptide. One of these occurs on
the quasi-threefold axis, at a distance of 129.5 A from the
viral centre. This site is a novel cation-binding site, not
found in SBMV-cp. The Asp218 residues in the A, B and
C subunits are probable ligands for this calcium. The sec-
ond set of sites occurs at each of the AB, BC and AC
interfaces (see Fig. 4 for identification of subunit inter-
faces) and has been identified as containing calcium ions
in SBMV and TBSV [2,1]. The electron density for the
calcium on the quasi-threefold axis in SMV, however, is
much stronger than the corresponding densities at the
AB, BC and AC interfaces. As the B factor for this cal-
cium refines to the minimum allowed value of 2 A2 in
X-PLOR and there is some residual density at this site in
the final Fo-F c map, the identification of this density as a
calcium ion is tentative.
The subunit structure
Figure 3 shows a stereoview of the Cot trace of the C sub-
unit. The organization of protein subunits in the T=3
viral shell is depicted in Figure 4. The subunits consist of
two domains designated as the R and S domain following
the nomenclature used for TBSV and SBMV [1,2]. The
65 N-terminal residues comprise the R domain. Residues
66-260 form the eight-stranded antiparallel barrel
(PB-pI, see Fig. 2) of the S domain. Figure 5 illustrates
the deviation at the Cot atoms when pairs of A, B, and C
subunits are superposed. Between the A and B subunits
the root mean square (rms) deviation is 0.47 A. Larger
deviations are observed in the comparison of A and C or
B and C subunits, in which the rms deviations are 0.60 A
and 0.77 A, respectively. The C subunit therefore appears
to be slightly different from the other two subunits. A
similar trend is also observed in SBMV-cp [11].
For SMV, the RNA-facing loop between F and 13G
(171-179) is different in the A subunits, where it is
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Fig. 3. Stereoview of the Ca trace of the
C subunit. Every tenth residue is high-
lighted by a dot.
involved in AA5 interactions (see Fig. 4 for subunit
designations and Fig. 2 for residue nomenclature used
here and subsequently). Most of the side-chain X1 angles
are comparable between the A, B, and C subunits.
Asn148 and Asp178 have different conformations in the
B and A subunits, respectively. Both of these residues,
however, occur in regions where the main chain also
exhibits large variations. Arg241, Glu77, Arg154 and
Asn 172 have different conformations in the C subunit.
As a result, in the C subunit Arg154 does not hydrogen
bond with Thr186 and the intrasubunit salt bridge
between Arg241 and Glu77 is not formed. Asn172
participates in intrasubunit interactions with the ordered
N-terminal arm of the C subunits.
main-chain atoms at each residue are lower than 20 A2 ,
except in the N-terminal arm and the loop regions. The
B-factor distribution for the A, B and C subunits shows
good correlation. The peptide segment (171-186)
between 3F and [3G, which faces the RNA, has large
The variation of B factors along the polypeptide main
chain is shown in Figure 6. The mean B factors for the
Fig. 4. Organization of the protein subunits in the T=3 shell. The
A subunits are shown in purple, B in cyan and C in orange. The
numbers 5, 3 and 2 represent the fivefold, threefold and twofold
axes of the viral icosahedral shell.
Fig. 5. Deviation between the AB, AC and BC subunits at the Ca
positions along the polypeptide (residues 65-260). Residues with
highest deviation are indicated.
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Fig. 6. Variation of B factor along the polypeptide chain for A,
B and C subunits. The top curve is for SBMV and the bottom is
for SMV.
B factors (>25 A2) but is relatively less mobile in the C
subunits when compared with A and B. Large thermal
parameters are also observed for the external loop
(232-236) between 3H and 3PI in all the subunits.
Although the polypeptide is ordered from residue 39 in
the C subunit, residues 62-65, between 3A and P3B, have
relatively large B factors as in A and B. This suggests that
flexibility is an intrinsic feature of this segment. Assembly
studies using isolated SBMV-cp coat protein, its prote-
olytic fragments, and nucleic acid suggest that the
N-terminal arm is essential for assembly of T=3 particles
[12]. The arm 'switches' from a disordered conforma-
tion, found in A and B subunits, to the ordered confor-
mation of C subunits. The flexibility of residues 62-65 is
probably important for this switching.
Sequence comparison with other sobemoviruses
Figure 7 shows alignment of the coat protein sequences of
SMV, SBMV-cp, SBMV-b (bean strain) and rice yellow
mottle virus (RYMV), which belong to the sobemovirus
family. The alignment was performed using the program
MULTALIN [13]. For the SMV sequence, three N-ter-
minal residues that were not sequenced were omitted
from the alignments. Residues 191-194, which were
determined on the basis of the electron-density map,
were, however, included. Table 1 shows the pairwise
alignment scores obtained for these sequences by the
program IALIGN [14]. The alignment shows that SMV is
closer in sequence to SBMV-b than to SBMV-cp. There
are no changes in the first 53 residues between SBMV-b
and SBMV-cp and this corresponds to the most conserved
part of the coat protein in these two viruses. SMV, on the
other hand, has a number of substitutions that lead to
fewer positively charged residues in the R domain. The
external loop (residues 231-237) between 3H and DI and
most of the helical segments, at(A-D), are highly con-
served between SBMV-cp, SBMV-b and SMV. In SBMV-
cp and SMV, aotA (93-104) is at the dimeric interface
(CC2, AB5) and the stretch between P3G and 3H
(201-224), containing the helix aD, is on the exterior of
the viral capsid. In SMV, residues 201-224 represent a
surface epitope [15]. Although RYMV has less than 30%
sequence identity with the rest of the family members,
the calcium-binding stretch (residues 131-142) between
1E and atB has 8 out of 12 residues conserved in all the
four viruses. This suggests that cations bound at the AB,
AC and BC interfaces are probably a common feature
among sobemoviruses. The ligands (Asp138, Aspl41,
Asn259) are crucial for binding the cation and probably
for the stability of the capsid.
Structural comparison with SBMV-cp
In the following sections, the three letter amino acid code
preceding residue numbers corresponds to SMV sequence
and the succeeding one corresponds to SBMV-cp.
Instances where only one residue is referred to at a specific
site indicate conservation of the residue between the two
viruses, unless explicitly specified in the text. The
polypeptide fold of SMV is very similar to that of SBMV-
cp, which is not surprising in view of the 62% identity
between their coat-protein sequences. For the A and B
subunits, the polypeptide chain could only be built from
residue 65 in SMV, due to disorder of the residues, where-
as SBMV-cp appears to have three additional ordered
residues. Residue 61 is an arginine in SBMV-cp and this
residue is likely to 'interact with the RNA and hence
shares its orientational disorder. In contrast, an arginine
Table 1. Sequence comparisons of the viruses belonging to
the sobemovirus family.
SBMV-b SBMV-cp SMV RYMV
SBMV-b - 50.23 43.94 10.16
SBMV-cp 75.7 - 39.88 10.55
SMV 70.3 62.6 - 10.73
RYMV 28.4 29.7 26.7 -
The triangle above the diagonal shows pairwise alignment
scores for the sequences. The triangle below the diagonal
shows the percentage identity between the sequences.
2
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Fig. 7. Alignment of the coat protein
sequences of the four sobemoviruses.
The first and the last sequences are num-
bered. Bold letters represent 90% similar-
ity among the sequences and underlined
letters represent a 50% similarity.
occurs at residue 64 in SMV (methionine in SBMV-cp)
and the ordered part of the structure starts from here.
Figure 8 compares the A, B and C subunits of SMV with
their respective counterparts in SBMV-cp. The rms devi-
ations of the Coa atoms in these comparisons are 0.55 A,
0.57 A and 0.44 A, for A, B and C, respectively. The
largest structural changes are restricted to intersubunit
contact regions, the N terminus and the vicinity of the
metal-binding site at the quasi-threefold axis.
Intersubunit contact regions
In the A and B subunits, large variations in the 171-181
region between 13F and 3G involve the disulphide bridge
between residues 169 and 176, which is observed both in
SBMV-cp and SMV. In contrast, for the C subunits, the
disposition of the 171-181 loop is similar in SMV and
SBMV-cp. In SMV, Asp178 forms hydrogen bonds with
neighbouring A subunits at pentamers but not at the
quasi-equivalent hexamers formed from B and C sub-
units. The hydrogen bond between the side-chain oxy-
gen of Asp178 and the carbonyl oxygen of Asp178 from
the neighbouring subunit, suggests that Asp178 is proba-
bly protonated at the pH of crystallization (pH 5.6). This
hydrogen bond is not formed in SBMV-cp, in which the
side-chain oxygen of Asp178 is hydrogen bonded to the
side-chain oxygen of Serl80 instead.
In SBMV-cp, Glu229 forms a salt bridge with Arg241 at
both the AA5 and CB5 interfaces, but not at the CB2
interface, where it forms a hydrogen bond with Glu77.
In SMV, Glu229 and Gly230 are replaced by Leu229 and
Asp230, respectively, and the above interactions are
maintained by bonding with Asp230, instead.
The vicinity of the metal-binding site at the quasi-
threefold axis
Differences are also observed in the 194-196 region,
which is close to the calcium (not present in SBMV-cp)
on the quasi-threefold axis. In SBMV-cp the side chains
of Lysl95 from A, B and C form a cluster along this axis
whereas in SMV the main chain at Lys195 has been dis-
placed by -1.8 A in all the subunits, such that the side
chain of Lysl95 can hydrogen bond with Gln249 and
Serl11 of the same subunit. The latter residues
correspond to arginine and alanine, respectively, in
SBMV-cp. The interactions of the Lys195 in SMV cre-
ates a funnel-like opening towards the interior of the
virus, along this axis. Furthermore, the Trpl96Arg sub-
stitution results in flipping of the side chain of Ile251 in
SMV, which would otherwise have had unfavourable
interactions with the bulky side chain of Trp196.
The variations of the B factors along the polypeptide
(Fig. 6) in SMV and SBMV-cp show remarkable similari-
ties, suggesting the conservation of the relative rigidity of
different parts of the polypeptide. Some features found in
SBMV-cp, however, are not seen in SMV. In SBMV-cp,
residues 43-56 at the N terminus and residues in the
188-196 loop between [BG and oLD display B factors that
are higher than average. A patch of positively charged
residues in the 188-196 region has been implicated in
RNA binding in SBMV-cp: a continuous region of
low density in the vicinity of these residues, close to the
quasi-threefold axis, is observed for this virus and has
been attributed to partially ordered RNA [16]. A number
of mutations between SBMV-cp and SMV have occurred
in this region (Argl54Lys, Argl75Lys, Thrl81Arg,
Vall89Thr, Serl90Asn, Trpl96Arg, Gln249Arg, Ser61Arg
1 10 20 30 40 50 60
SMV LS IOLAKAITLETPPQPKAGRR_SAVQQLPPIQAI SMAPSAGAMVRIRNPAV
SBMV-cp ATRLTKLAA TLPNPPRPNRRKRRAAQVPKPTQAGVSAPIATKLRPPML
SBMV-b ATRLTKKLAATLPN PPRRKRRAKRAAQVPK PTAVSMAPIA TMVRLE
RYMV ARKGKKTNSNQGQQGKRKSRRPRGRSAEPQLQRAPVAQAS .RISGTVPGPLSSNTWP.L
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SMV SSSRGGITVLHCELTAEIGVTDSIVVSSELVMPYTVGTWLRGVADWSKYSWLSVRYTYI
SBMV-cp RSSMDVTILSHCELSTELAVTTIVVTSELVMPFTV TWLRGVAQWSKYAVAIRYTYL
SBMV-b RTAGGVTVLTHSELSTELSVT NAIVTSELIMP YTMGT LRGVAANWSKYSLLSVTYTYL
RYMV HSVEFLADFKRSSTSADATTYDCVPF..NLPRVWSLA... RCYSM.WKPTRWDVVY... L
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SMV PSCPSSAGSIHFQDMADTVPVSVNKLSNLRGYVSGQVWSGSAGLCFINNSRCSDTS
SBMV-cp PSCPTTTSGAIHMGFQDMADTLPVSVNQLKGfVTGPVWEGQSGLCFVNNTKCPDTS
SBMV-b PSCPSTTSGSIHMGFYDADTLPVSVQLSRGYVSQVWSGSSGCYINGTRCLDTA
RYMV PEVSATVAGSIEMCFLYDYADTIPRYTGKMSRTAGFVTSSVWYGAEG.CHLLSG.. GSAR
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RYMV NAWASMDCSRVG..W...KRVTS.SIPSSVDPNVVNTILPARLAV.RSSIKPTVSDTPG
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Gln249Arg and.'Gly65Asp as all of these residues are
involved in the formation of hydrogen bonds or salt
bridges in SBMV-cp, but not in SMV.
The channel at the fivefold axis
SBMV-cp has a characteristic distribution of residues
lining the channel that forms at the icosahedral fivefold
axes. This channel is characterized by a wide funnel on
the external surface, and an alternating array of acidic and
basic residues towards the interior, an observation which
has prompted the comparison of this polar channel with
that of acetylcholine receptor [11,17]. As in SBMV-cp,
the channel is narrowest at Serl25Thr, however compari-
son between SBMV-cp and SMV, of the residues lining
the channel at the fivefold axis, has revealed several
mutations that might alter the character of the putative
channel in SMV. These mutations include Ser234Lys and
Asp82Val, at the exterior rim of the funnel, and
Ser163Glu, Thrl81Arg, Serl26Thr and Serl25Thr,
in the interior of the channel. Differences in protein-pro-
tein and protein-RNA interactions may therefore be
compatible with nearly identical viral architecture.
Fig. 8. Deviation at the Ca positions along the polypeptide
between the corresponding subunits of SBMV-cp and SMV. The
polypeptide is from residues 65-260 for the A and B subunits
and residues 39-260 for the C subunits. Residues with large
deviation are indicated.
and Gly65Asp) and these residues are also not conserved in
the other two sobemoviruses, suggesting that this region is
probably not involved in RNA binding in SMV and the
other two sobemoviruses. Examination of the polar con-
tacts at the interfaces indicates that close to the the quasi-
threefold axis SMV forms only about half as many
interactions as SBMV-cp. This correlates with the muta-
tions Arg154Lys, Lysl94Glu, Asp212Asn, Trp196Arg,
Putative calcium-binding sites
The environment of the cations, putatively identified as
calcium ions, at the BC interface and the quasi-threefold
axis, are shown in Figures 9 and 10, respectively. At the
AB, AC and BC interfaces, the ligands to the calcium
are identical between SBMV-cp and SMV (Table 2). Five
of the ligands emanate from the protein subunits and a
sixth ligand is probably hydrogen bonded, via a water
molecule, to the carbonyl oxygen of Serl08 which
would give the calciums octahedral geometry. Table 2
lists the distances between the ligands and the calcium.
The ligands to the calcium on the quasi-threefold axis,
on the other hand, are not apparent from the map. The
sequence for residues 191-194, which surround this site
from the interior of the capsid, is not known. On the
basis of the electron density, residue 194 has been mod-
elled as lysine, 193 as glycine, 192 as leucine and 191 as
glutamic acid. Residue 194 is lysine in SBMV-b and
glutamic acid in SBMV-cp. In SMV, the NZ (side-chain
N) atom of Lys194 hydrogen bonds to the carbonyl
oxygen of Asp218. The NZ of the Lys194 in each of the
three subunits is -4 A from the calcium. The probable
calcium ligands towards the exterior of the virus are the
Asp218 residues from the A, B and C subunits.
Fig. 9. Stereoview of the ligand-binding
environment around the calcium at the
BC interface in SMV. The letter preced-
ing the residue number refers to the sub-
unit, and that following is the single
letter amino acid code.
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Fig. 10. Stereoview of the electron den-
sity for the residues surrounding the
calcium at the quasi-threefold axis of
SMV. The top of the figure is the exterior
of the virus. The letter preceding the
residue number refers to the subunit and
that following refers to the single letter
amino acid code.
Structural studies on EDTA-treated crystals
The difference Fourier map section corresponding to a
region 124.5-132 A from the particle centre is shown in
Figure 11. A large peak is found at the calcium site at
the BC interface only, and not at AB or AC interfaces.
Ab-initio phase determination, using data from EDTA-
treated crystals, resulted in maps with lower density at
the BC interface. Although the ligand binding is nearly
identical at AB, AC and BC interfaces, these studies sug-
gest that the removal of the calcium is asymmetric. The
calcium at the BC interface is more susceptible to
chelating agents, relative to the calciums at AB and AC
interface. Removal of calcium at the BC interface might
lead to disruption of the BC and CB2 interfaces, leading
to the separation of both CC2 dimers and AB5
decamers, which may be an early step in the disassembly
of the virus.
Biological implications
Sobemoviruses are a group of single stranded
RNA plant viruses that have a narrow host range.
These viruses are suitable for structural studies
because of their stability, high yield and crystalliz-
ability. Comparative studies on closely related
members of a group may provide some insight
into the processes that regulate the assembly of
Fig. 11. Difference Fourier map sections for the icosahedral
asymmetric unit, represented by the triangular wedge. The
vertices of the triangle represent a fivefold and the two nearest
threefold axes. The view is looking down the twofold axis of the
PQR system, where P, Q and R represent three mutually perpen-
dicular twofold axes of the icosahedron [27]. Arrows indicate the
positions of the quasi-equivalent cation binding sites at AB, AC
and BC interfaces. The largest peak corresponds to the BC site.
individual protein subunits into particles with
icosahedral symmetry.
Comparison of the structures of southern bean
mosaic virus-cowpea strain (SBMV-cp) and sesba-
nia mosaic virus (SMV) has revealed the common
and distinguishing features of these closely related
viruses. Many of the charge-charge interactions at
the quasi-threefold interface are not conserved
between the two viruses. The positively charged
residues of the N-terminal arm are less conserved
between SMV and SBMV-cp than the residues of
the l barrel (66-260), although the first 53 N-ter-
minal arm residues are identical between the bean
and cowpea strains of SBMV. The arm-RNA
interactions could, therefore, be rather non-
specific in these viruses. The conservation of the
residues in a region of the N-terminal arm which
Table 2. Distance of the ligands to calcium for those calcium
ions present at the AB, AC and BC interfaces.
Interface (XY) location BA CB CA
of calcium ion
Ligand from subunit X
Tyr199 0 2.3 2.2 2.4
Leu260 0 2.2 2.0 2.1
Asn259 081 2.1 2.2 2.0
Ligand from subunit Y
Asp138 081 2.3 2.3 2.4
Asp141 082 2.3 2.3 2.3
0 refers to the carbonyl oxygen and 061 and 082 are the
side-chain oxygens.
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forms a structure called the P annulus in the virus
capsid suggests that this region might be impor-
tant for the assembly of icosahedral particles com-
prising 180 coat-protein subunits. In carnation
mottle virus, however, which also forms icosahe-
dral particles with 180 coat-protein subunits, the
, annulus is not observed.
It has been suggested that a channel at the five-
fold axes of SBMV-cp may function as an ion
channel. The lack of conservation of the residues
lining the channel in SMV suggest that this prop-
erty might not be significant in the life cycle of
sobemoviruses.
The chemical context of the calcium ions at the
quasi-equivalent interfaces are identical but,
despite this, ethylene diamine tetra acetic acid
(EDTA) treatment results in preferential removal
of calcium at the interface between B and C sub-
units, in SMV. In this context, it is interesting to
note that in carnation mottle virus only this inter-
face has a bound cation. The calcium removal in
SMV is a surprising demonstration of the chemical
non-equivalence of quasi-equivalent interactions.
Materials and methods
For virus growth, purification and crystallization, SMV was
maintained on Sesbania grandiflora plants in an insect-free
glasshouse. SMV was purified and crystallized from infected
leaves, as described earlier [9]. The virus crystallized in two
different forms. Crystals belonging to the rhombohedral space
group R3 were used for these studies.
Data collection and processing
Crystals were mounted in 1.5-2 mm glass capillaries. Data, to a
nominal resolution of 3.5 A, were collected on these crystals
using a Nicolet-Siemens area detector and an Enraf-Nonius
rotating anode X-ray generator, equipped with a 200x focal
cup. The X-rays were focussed using two perpendicular mir-
rors [18]. Area-detector frames were processed using the
XENGEN package, assuming the space group to be P1. This
was necessary due to difficulties in obtaining a rhombohedral
solution for indexing reflections. As the interaxial angles of the
R3 cell are close to 600, the rhombohedral cell (a=291.46,
at=61.95) is pseudo face-centered cubic. Hence, selecting any
one of the body diagonals of the cell as the (11 f) direction of
the cell leads to four nearly indistinguishable solutions, only
one of which is truly rhombohedral. The reflections related by
threefold symmetry were scaled using a separate program. Data
were also collected on Kodak DEF films to a resolution slightly
better than 3.0 A, by screenless oscillation photography. As the
crystal size was greater than the beam, several photographs
could be collected from the same crystal, by exposing a differ-
ent region of the crystal using slight translation along the rota-
tion axis. The details of data collection are shown in Table 3.
The films were digitized on a Joyce Loebl film scanner, using a
scan step of 50 ,m. The digitized images were processed on a
VAX88 system, using the Purdue suite of programs modified
by Rayment and Murthy. Each photograph provided intensi-
ties of -9000 measurements. A pack of two films was used to
record each photograph. A total of 78 A/B pairs, covering
37.5° , were collected. The B films were scaled with the A
films, using a linear scale factor and a temperature-like factor.
The resulting films were combined and scaled using the proce-
dure described by Rossmann et al. [19]. The orientation of the
different crystals used for data collection, the crystal cell para-
meters, the oscillation angles and the effective mosaicity were
further refined by a post-refinement procedure [20]. This pro-
cedure allowed a reasonable estimate to be made of the intensi-
ties of a large number of partially recorded reflections. The area
detector data were scaled to the film data using resolution shell
dependant scale factors. Table 4 shows a summary of the data
statistics. The plot of overall completeness as a function of res-
olution shows that beyond 5 A there is little contribution from
the area detector data (Fig. 12)
Structure solution
The structure determination at 4.7 A was carried out on the basis
of a polyalanine model of SBMV [10]. The procedure for phase
refinement was based on real space electron density averaging by
the double sorting technique, developed by Bricogne [21] and
Johnson [22]. Phase extension and refinement were carried out
to 2.9 A using a modified procedure which avoided double sort-
ing. In this procedure, grid positions in the coat protein enve-
lope of the virus were initially associated with zero electron
density and written as a direct access file in blocks of 1000 grid
positions. The entire unaveraged map was read in many passes.
For each of these passes, the grid file was updated once. As many
map sections as could be accommodated in the core memory
Table 3. Details of data collection.
Area-detector Film data
data
No. of crystals used 3 12
Crystal to film distance 23-26 cm 10 cm
Exposure time per picture 35-40 min 35-45 hrs
Oscillation angle 0.20 0.5 °
Crystal orientation - Crystal threefold
along rotation axis
Maximum resolution 3.5 A 2.9 A
The power rating of the rotating anode source was 36 kV, 45 mA.
Table 4. Summary of data statistics.
Area-detector Film data
data
Total measurements
with I/ r(l) >1.0 203 567 410 811
No. of full measurements 203 567 279 680
No. of partials - 131 131
Unique measurements 157 134 308 411
R factor for the dataset 15.82%* 10.93%t
R-merge* 28%
Total no. of unique measurements 347 196
*R=l.I I-<I>l/NI x 100. tR=Nhyi (Ih-Ih./Gi)l/Yh.lh x 100, where
Ihi is the intensity of reflection h on the ith film factor h is the
best estimate of the intensity and Gi is the scale. *R=y
IIl-I21/1l x 100, where 1 and 2 refer to film and area-detector
data. (This R factor is expected to have a value that is twice
that for conventional definition of R-merge.)
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Fig. 12. The completeness of the datasets as a function of
resolution.
were read at one time. The electron density at each grid posi-
tion, and all associated non-crystallographic points that fell in the
stored map sections, were evaluated and summed. The electron
density associated with the grid position was incremented by the
sum. At the end of all the steps, a map suitable for fast Fourier
transform (FFT) back transformation was constructed from the
direct access file containing grid positions and electron-density
values. This procedure made it possible to carry out all computa-
tions to the highest possible resolution, in a computer with 16
MB core memory and 760 MB hard disk. Table 5 shows the
final statistics for molecular replacement (MR). Figure 13 shows
the progress of MR phase refinement.
Model building and refinement
The final electron density map was transferred to skew sec-
tions defined by icosahedral 222 axes, as in TBSV and SBMV
[1,2]. The map enclosed an icosahedral asymmetric unit of the
virus, comprising the A, B, and C subunits. The map was used
to construct polypeptide folds for these three subunits using
the program FRODO [23]. SBMV coordinates for the corre-
sponding subunits were used as the starting point for model
building. The resulting model was refined using the program
X-PLOR [24]. Strict icosahedral symmetry was imposed on
the model. The A, B and C subunits in the icosahedral asym-
metric unit were refined independently. Initially, 160 cycles of
positional refinement were performed. This was followed by a
slow-cooling protocol (2000-3000K time step 0.5 fs, T cou-
pling and temperature decrement of 250K every 0.025 ps). At
this stage a (2Fo-Fc) map was computed and the model was
examined and adjusted. Further refinement cycles, inter-
spersed with model building, involved refinement of posi-
tional parameters. Finally, two cycles of individual isotropic
B-factor refinement, followed by positional refinement, were
Fig. 13. The progress of phase refinement as a function of resolu-
tion. The bottom set of curves depict the R factor and the top set
of curves show the correlation coefficient (CC) for the corre-
sponding cycles.
performed. Statistics of refinement are shown in Table 6. The
quality of the model was examined using the program
PROCHECK [25]. All of the residues were in the allowed
regions of the Ramachandran plot [26].
Data collection on EDTA-treated crystals
SMV was crystallized in the presence of EDTA by a method
similar to that used for obtaining the native crystals of SMV
(virus concentration of -25-35 mg ml- in 0.1 M sodium
acetate buffer with 10 mMDTT (Dithiothreitol), pH=5.6 with
5-20% of saturated ammonium sulphate as precipitant in the
inner well which was equilibrated against the outer well solu-
tion containing -30-35% of ammonium sulphate in 0.1 M
sodium acetate buffer, pH 5.6 ). Additionally, the inner well
contained 10 mM EDTA. The crystals were fragile, radiation
sensitive and diffracted poorly, compared with the native
crystals. They cracked immediately upon increase in pH and
therefore attempts to obtain crystals at alkaline pH were not
successful. The crystals were allowed to stay in the mother
liquor containing EDTA for at least ten days. Three indepen-
dent datasets were collected, to a maximum resolution of
7.4 A, 5.2 A and 4.3 A. The three datasets were scaled and
merged using resolution-dependent scale factors. The RS
factors (see Table 4 for definition, in this case 1 and 2 refer
to area-detector datasets) between different datasets ranged
from 19.03-28.28%. The differences in observed amplitudes
(FNATIVE-FEDTA) were combined with the refined phases (tc)
of native SMV at 4.7 A. Conventional difference Fourier maps
were computed using these differences. An electron-density
map was also obtained by molecular replacement by following
the procedure used for obtaining native maps.
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Table 5. Statistics for molecular replacement.
Initial R* factor 34%
Final averaging R factor 14.07%
Correlation coefficients 0.9267
Overall phase change from
starting model 500
*R=Il (Fo- kFc)I/Y I(Fo+ kFc)I x200 where k is the scale factor.t CC=(Fo-<Fo>) (Fc-<Fc) /A (Fo-<Fo)2 (Fc-<F>)2.
Table 6. Refinement statistics.
Initial R* factor for the model 38%
No. of non-hydrogen atoms in the model 4519
Final R factor for all reflections
with I/(I) > 1.0 of 10-3 A 22.7%
rms deviation in bond length 0.014 A
rms deviation in bond angle 1.770
*R=zl F- kFc I/,.Fo.
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Determination of amino-acid sequence
The amino-acid sequence of the SMV coat protein was
obtained by sequencing the peptides obtained by digestion
with trypsin, chymotrypsin and V8 protease [15]. The resulting
peptide sequences were aligned by comparison with the
SBMV-cp sequence and this led to the determination of the
total sequence, except for the three N-terminal residues and
residues 191-194. Residues 191-194 were identified by
inspection of the electron-density map.
The coordinates have been deposited in the Protein Data
Bank, entry code 1SMV.
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